This study assessed the accuracy of indirect blood pressure (BP) measurements by simultaneously performing three kinds of indirect BP measurement on the left arm (auscultatory, microphone and oscillometric methods) and a direct BP measurement on the left arm. The subjects were 34 hospitalized patients, ranging in age from 18 to 73 years (average 47.5 years). Highly significant correlations in systolic or diastolic BP between a given pair of the three indirect methods. The indirect methods underestimated systolic BP and overestimated diastolic BP compared with the direct method, with differences ofmmHg with the auscultatory method. The difference in systolic BP between the auscultatory and direct methods was greater and the difference in diastolic BP was smaller in subjects older than 50 years than in those aged 50 years or less (p<0.001 for systolic BP, p<0.05 for diastolic BP). The auscultatory method revealed greater systolic BP in subjects with increased carotid arterial wall stiffness assessed by echoarteriography. Thus, it is concluded that there are inherent differences in BP between the indirect and direct methods which can be attributed to the changes in arterial wall physical properties partly due to aging. (Jpn Heart J 1997; 38: 393-407) 
rect measurement methods based on the oscillometric or microphonic principle are increasingly being employed, the accuracy and dependency of these indirect methods are still controversial. [5] [6] [7] In order to assess the accuracy of indirect blood pressure (BP) measurements, we performed simultaneous recording of indirect measurements with the auscultatory, oscillometric and microphone methods as well as a direct measurement in hypertensive and normotensive subjects, and compared indirectly measured BPs with directly measured ones8) Furthermore, we examined the effect of aging, arterial wall stiffness and blood pressure fluctuation on BP readings.
SUBJECTS AND METHODS
The study population consisted of 29 untreated hypertensive subjects (20 males and 9 females) ranging in age from 18 to 71 years (average 47.4 years) and Figure 1 . Schematic representation of the devices developed for estimating the accuracy of blood pressure measurements. Blood pressure was measured indirectly using an UA-510 monitor (oscillometric method), an UA-213 monitor (microphone method), and a mercury sphygmomanometer (auscultatory method). Direct blood pressure was measured by introducing a short Teflon catheter into the brachial artery. The output signals of all methods were converted to digital signals with an A-D converter and analyzed automatically with a computer. All intra-arterial systolic and diastolic blood pressure data, and the cuff pressures during these measurements, was printed. A-D, A-D converter. 5 normotensive subjects (4 males and one female), ranging in age from 30 to 73 years (average 48.0 years). Nine of the hypertensive subjects were in stage I of the WHO classification, 12 in stage II, and 8 in stage III. None of the subjects had any manifestations of heart failure or cerebrovascular disease. They were all hospitalized and placed on a diet containing about 7g of sodium chloride per day. Drugs were withheld for at least 24hrs before the study. Informed consent was obtained from each subject after providing a detailed explanation of the purpose and method of the study.
The study was performed with the subjects in a supine position. Prior to the study, BP was measured three times on both upper arms with the auscultatory method using a mercury manometer. Systolic and diastolic BPs did not differ by more than 5mmHg between both arms in any of the subjects. A catheter was then percutaneously introduced into the left brachial artery and connected to a pressure transducer (Statham P50, Gould, Inc., Oxford, CA, USA.) through a short, rigid tube. A cuff with a microphone attached inside was twisted around the right upper arm. The cuff was connected to the mercury manometer, a pressure transducer for continuous pressure monitoring, a microphone manomTokyo; Figure 1 ). The auscultatory BP measurement was also performed by a trained physician who marked the appearance of Korotkoff I sound (systolic BP) and V sound (diastolic BP) by pressing a button. The intra-arterial pressure, cuff Figure 2 . Representative measurement tracing. The intra-arterial blood pressure and cuff pressures were obtained simultaneously during deflation. Indirect methods should determine the systolic and diastolic blood pressures at (1) and (2). SBP=systolic blood pressure; DBP=diastolic blood pressure; +, Korotkoff sounds. pressure and systolic and diastolic BP data displayed by the oscillometric and microphone manometers were recorded in a data recorder. The differences in BP among these 4 kinds of manometers were automatically analyzed using a computer-assisted device (Figure 1 ). 8) When BP stabilized 20 to 30min after introducing the catheter, the cuff was inflated to about 20 to 30mmHg above systolic BP and then deflated at a rate of 2 to 3mmHg/sec. This maneuver was repeated three times and each of the measured variables were averaged. Figure 2 is a schematic presentation of the records of the intra-arterial pressure and cuff pressure in a hypertensive patient. Systolic and diastolic BP recordings by the three indirect methods were superimposed on the pressure tracing. Table I is an example of BP readings printed-out through the computer-assisted device system in a normotensive subject. The direct systolic and diastolic BPs were obtained at the beat when the indirect measurements were determined and compared with the respective readings obtained by the indirect measurements.
Pulsatile changes in the internal caliber of both common carotid arteries were examined using an ultrasonic, echo-phasic tracking apparatus (QFM 1100, Hayashi Denki, Tokyo) in 11 subjects who were resting in the supine position on a table. BP was determined with the auscultatory method during the examination. Carotid arterial stiffness was expressed by dividing pulse pressure by pulsatile percent changes in caliber of the common carotid artery (mmHg/%). 10) Values are the averages of three subsequent readings and are expressed as and inter-group differences by the unpaired t-test. A p-value of 0.5 or less was considered significant. The method of Bland and Altman was used to assess the agreement between indirect and direct measurements or between a given pair of the indirect measurements.11)
RESULTS
Comparison of the oscillometric and microphone methods with the auscultatory method:
BPs measured by the oscillometric and microphone methods were plotted against those simultaneously determined by the auscultatory method. There was a highly significant positive correlation in systolic and diastolic BPs between the microphone and oscillometric methods and the auscultatory method ( Figure 3 ). In order to assess the agreement between the oscillometric or microphone method and the auscultatory method, the differences in systolic or diastolic BP between the two methods were plotted against the averages by the two methods according to the method of Blant and Altman lower using the indirect methods than the direct method, with a difference of Figure 6 . Effects of subject age on the blood pressure differences between the auscultatory and direct methods during systole and diastole (r=correlation coefficient). auscultatory and direct methods were plotted against age for the entire subject population. As shown in Figure 6 , the difference in systolic or diastolic BP between the two methods correlated significantly with age. The differences were compared between 21 subjects below 50 years old and 13 subjects 50 years old or more. The differences in systolic or diastolic BP were significantly greater in the latter than the former (Table II) .
Arterial wall stiffness and the differences in BP between the auscultatory and direct methods:
The differences in BP between the auscultatory and direct methods were plotted against carotid arterial wall stiffness. The differences in systolic BP between the two methods correlated significantly with arterial wall stiffness, while the difference in diastolic BP did not ( Figure 7) . Effect of BP fluctuation on direct BP readings: As shown in Figure 8 , fairly large BP fluctuations were seen even when subjects were in a stable condition. BP fluctuations may affect the BP readings by indirect or direct methods. The differences between the maximum and minimum systolic or diastolic BP, which were observed during the maneuver for indirect BP measurement, were defined as BP with an increase in systolic BP, while such a relationship was not observed for diastolic BP (Figure 9 ) DISCUSSION Blood pressure measurements obtained by the indirect and direct methods differed considerably despite a close linear correlation among the blood pressure readings obtained using the three indirect techniques. Whether measurements obtained by the direct method can be used as standards for estimating the accuracy of blood pressure determinations by the indirect method remains controversial.13) The indirect method attempts to measure the lateral forces on the brachial artery wall. The direct method measures forces at the leading edge of the pressure wave as it moves down the column of blood in the artery and includes a contribution from the kinetic energy of blood flow.13,14) Bergen et al. have found no appreciable differences between end-on and end-away pressures obtained by introducing two 15-gauge needles in opposite directions into the brachial artery.15) Although theoretically important, the error of direct method due to measure blood pressure at the leading edge of the pressure wave had little clinical significance.16) Arterial line characteristics also may produce error. A major problem in the measurement of direct blood pressure is the inadequate frequency response characteristics of the direct recording system.16) We used a short connecting tube for our saline-filled catheter system and avoided tiny bubbles in the line to obtain an adequate frequency response. Errors related to the indirect method are linked to the instrument, the observer, the subject, and the interactions between these factors.3) Although sources of error in the indirect method are not well understood, the method may be limited by the fact that it measures cuff pressure, not blood pressure. For these reasons, we used the direct method as the standard in estimating the accuracy of the indirect method.
While numerous investigators have compared the accuracy of the indirect and direct methods, these intra-arterial blood and cuff pressures were not obtained simultaneously during deflation. We used a new device that enabled such an objective comparison.8) Theoretically, the indirect technique should determine systolic and diastolic blood pressures when the cuff pressure crosses the intraarterial pressure. Our new device demonstrated the theoretical points at which indirect BPs should be determined and permitted a precise evaluation of the differences between the intra-arterial and cuff pressures under ideal conditions. The method of Bland and Altman is more informative for assessing these differences than are simple plots of results and correlation coefficients that make it difficult to assess between-method differences.11) One limitation of this study is that the direct and indirect methods used pressures measured in the contralateral brachial artery. Raftery et al. have reported results from a study where all blood pressure measurements were performed in the same arm.17) Although a comparison of direct and indirect measurements in the same arm might be ideal,13,17) a local hematoma resulting from the arterial catheter may affect distal pressure and induce peripheral vasoconstriction. Thus, it was only practical to compare the two methods in contralateral arms. A second limitation of the study is the absence of indirect measurements obtained during exercise since auscultatory readings are difficult to obtain during movement.
The protocol of the British Hypertension Society is used for precise evaluation of automated blood pressure measuring devices.18) This protocol recommends that auscultatory readings be made by multiple, well-trained, blinded observers who use multi-headed stethoscopes.18) However, continuous intra-arterial blood pressure measurements produce superior standards compared to auscultatory readings for two reasons. First, auscultatory and ambulatory measurements are less accurate than the direct method, and may share a common cause of error related to the use of a cuff. Second, the auscultatory reading points may differ from those of ambulatory recorders. Also, intra-arterial blood pressures change during indirect measurements.
Our finding that the indirect method underestimates systolic and overestimates diastolic intra-arterial blood pressure is in agreement with the results of three earlier studies.5,17,19) Forsberg et al. have found indirect measurements to be higher than direct measurements during both systole and diastole, although their study included many obese and elderly subjects.20) Alternatively, in a study of young, normotensive men (21 to 29 years), Henschel et al. found indirect measurements to be lower than direct values for both systolic and diastolic pressures. 21) It is not clear whether increased vascular rigidity, associated with old age, hypertension, and atherosclerosis, can influence indirect blood pressure measurements. Nielsen et al. have found no correlation between age and the measurement artifact for either systolic or diastolic blood pressure,5) although most of the subjects they studied were between the ages of 50 and 59 years. Bos et al. have suggested that overestimation of diastolic pressures increases slightly with age. 19) Results from our study suggest that the auscultatory technique overestimates both systolic and diastolic blood pressures in older subjects. These results differ from our general results which suggest that the auscultatory technique underestimates systolic and overestimates diastolic intra-arterial blood pressure. It also was observed that systolic underestimation decreased and diastolic overestimation increased with subject age. The systolic blood pressure was higher in subjects with decreased carotid arterial wall compliance likely caused by arteriosclerosis. This may have occurred because vascular rigidity increases the cuff pressure needed to occlude an artery and also could weaken Korotkoff sounds. The extremely calcified brachial arteries characteristic of elderly populations cannot be compressed. Taguchi and Suwangool have reported a case of extreme pseudohypertension, termed "pipe-stem brachial arteries," that showed a 170 mmHg difference between the systolic cuff and intra-arterial pressures due to severe Monckeberg arteriosclerosis.12) None of our subjects had similar cases of extreme pseudohypertension. Masserli et al. have defined pseudohypertension as a condition due to atheromatosis where the cuff pressure is inappropriately high when compared with the intra-arterial pressure.22) They also have described a simple bedside maneuver, "Osler's maneuver," that can differentiate patients with true hypertension from those with pseudohypertension. Differences between the cuff and intra-arterial pressures ranged from 10 to 54mmHg in the Oslerpositive subjects.22) Finnegan et al. have found a significant positive correlation between arterial stiffness and the difference between the cuff and intra-arterial pressures.23) Thus, arteriosclerosis appears to influence the indirect measurements of blood pressure. This observation is important since excessive lowering of high blood pressure may be harmful in elderly patients.14)
The present study recorded continuous intra-arterial blood pressure waves during indirect measurements. Considerable fluctuations in these blood pressures were found, which suggests caution should be used when interpreting indirect blood pressure data. Beat-to-beat fluctuations in blood pressure in resting humans are due mainly to respiration and to slower Mayer waves,25) and indirect methods cannot assess such blood pressure changes. However, most cardiologists continue to use indirect methods to measure blood in clinical practice. Bos et al. have reported that even normal blood pressure variability in individuals might lead to consistently elevated systolic auscultatory readings.26) Therefore, repeated indirect blood pressure measurements are required for greater precision.
In conclusion, inherent differences in blood pressure were observed when using indirect vs. direct assessment methods. Such differences appear to be influenced by subject aging, changes in arterial wall stiffness, and by the inevitable continuous fluctuations of blood pressure.
